the root endodermis to establish both the CS diffusion barrier and the microbial 50 composition of the rhizosphere. 51
The Casparian Strip (CS) constitutes a physical diffusion barrier to water and 36 nutrients in plant roots, and is formed by the polar deposition of lignin polymer in the 37
endodermis. This precise pattern of lignin deposition is thought to be mediated by 38
the scaffolding activity of membrane-bound Casparian Strip domain proteins 39 (CASPs). However, we show that endodermis-specific receptor-like kinase 1 (ERK1) 40
and ROP Binding Kinase1 (RBK1) are also involved in this intricate process, with the 41 former playing an essential role both in the localization of CASP1 and in lignin 42 deposition. We further characterised ERK1 and determined its subcellular 43 localisation in the cytoplasm and nucleus of the endodermis, as well as provide 44 evidence for its involvement in a signalling pathway together with the circadian clock 45 regulator, Time for Coffee (TIC). We also show that disruption to CS organisation 46 and increased suberisation in the endodermis due to loss of function of either ERK1 47 or TIC collectively leads to an altered root microbiome composition. Thus, our work 48 reveals additional players in the complex cascade of signalling events operating in 49 proteins outside of the CS domain and irregular lignification (Kalmbach et al., 2017; 93 Li et al., 2017). 94
Despite these findings, the precise mechanisms underlying formation of the 95 endodermal barriers, and in particular CS lignification, remains poorly understood. 96
To further understand these events, we performed a reverse genetic screen to 97 identify novel signalling components involved in endodermis development. Here, we 98 report two cytoplasmic receptor-like kinases that specifically accumulate in the root 99 endodermis and are involved in the formation of the CS apoplastic barrier. We show 100 that these kinases facilitate the polar localisation of CASP1 and the polar deposition 101 of lignin at the CS domain. In addition, we provide evidence that the circadian clock 102 regulator protein, TIME FOR COFFEE (TIC), is a downstream target of these 103 kinases and is also involved in CS organisation. Finally, we also show that the 104 correct deposition of lignin and suberin in the endodermis is critical for the selective 105 recruitment of microbes to roots. 106 107
Results 108
Identification of two cytoplasmic receptor-like kinases implicated in the 109 formation of the endodermal barriers 110
To identify novel components of the signalling pathway implicated in the formation of 111 the CS, we studied the expression of receptor-like kinases (RLK) that are under the 112 control of MYB36 -a transcription factor implicated in endodermis gene expression 113
and CS formation (Kamiya et al., 2015) . We identified a candidate, RLK (At5g65530/ 114 ARLCK VI_A3), hereafter named ENDODERMIS RECEPTOR KINASE1 (ERK1) 115
based on the localization of a ERK1-GFP transcriptional fusion in the cytoplasm and 116 nucleus of endodermal root cells only (Fig. 1a ). We found that MYB36 was able to 117 bind specifically to a discrete portion of the ERK1 promoter ( Fig. 1b ) and that the 118 expression of ERK1-GFP is first detected in the late elongation zone and reaches its 119
highest levels in the region where the first xylem bundles are formed ( Fig. 1a , 120 Supplementary Fig. 1a ). The expression of ROP Binding Kinase1 (RBK1) (Waese et 121 al., 2017), the closest homologue of ERK1, was also restricted to the root 122 endodermis, as confirmed by our transcriptional RBK1-GFP reporter (Supplementary 123 Fig. 1b ). Both ERK1 and RBK1 lack the extracellular and transmembrane domains 124 usually present in other receptor-like kinases ( We therefore isolated independent T-DNA insertion lines for both genes and 133 assessed mutants for defects in apoplastic barrier diffusion determined by leakage 134 analysis of the apoplastic tracer propidium iodide (PI) into the stele of roots 135
( Supplementary Fig. 1c ) (Reiner et al., 2015) . We found that all ERK1 mutant lines 136 (erk1-1/SALK_148741, erk1-2/SALK_010841 and erk1-3/SALK_060966) showed 137 defects in the formation of the apoplastic barrier in the endodermis, whereas RBK1 138 mutants (rbk1-1/SALK_043441) did not display any obvious defects ( Fig. 1b,c) . 139
Intriguingly, erk1-3/rbk1-1 roots showed a significantly stronger defective apoplastic 140 barrier phenotype than either of the individual single mutants, as measured by PI 141 penetration ( Fig. 1b,c ), suggesting that rbk1-1 has an additive effect in the absence 142 of ERK1. In addition, we were able to restore the apoplastic barrier defects observed 143 in erk1-3 by complementation with a wild-type ERK1 genomic fragment 144
( Supplementary Fig. 1d ), suggesting that the CS defects observed are due to the 145 loss of ERK1 function. 146 147
We next assessed endodermis cell wall deposition in erk1 mutants by electron 148 microscopy and found it to be thickened in mutants compared to wild-type roots 149
( Supplementary Fig. 2 ). To further investigate the defective apoplastic barrier 150 observed in the endodermis of erk1 mutants, we then examined the pattern of lignin 151
and cellulose deposition in the CS using dyes and confocal microscopy. Compared 152
to wild-type roots, the single erk1-3 and rbk1-1 mutants showed a slight 153 accumulation of ectopic lignin in the corners of endodermal cells, though ectopic 154
lignin was more apparent in erk1-3/rbk1-1 mutants (Fig. 1d) Li et al., 2017) and so assessed suberin content in our mutants. We found that 159 suberisation in single erk1-3 and rbk1-1 mutants was normal, while erk1-3/rbk1-1 160 roots showed premature suberisation ( Fig. 1e ). Collectively, these data suggest that 161 both ERK1, and to a lesser extent RBK1, affects lignin and suberin deposition in the 162 endodermis. 163 164
Downstream targets of ERK1 are required for CS barrier formation 165
It has been reported that ERK1 is capable of phosphorylating proteins in vitro 166 (Reiner et al., 2015) . Therefore, to identify downstream targets of this kinase, we 167 performed a mass spectrometry-based quantitative phosphoproteomics analysis 168 using roots from wild-type (Col-0) and erk1-3 plants. We identified 100 proteins 169 displaying over 1.5-fold significant change in abundance ( Supplementary Fig. 3a and 170 Supplementary Table 1 ). To reveal the potential targets and pathways affected, we 171 performed a Gene Ontology (GO) analysis and found sequences associated with the 172 terms "response to abscisic acid", "establishment of localisation" and "translation" to 173 be significantly enriched (p<0.001) ( Supplementary Fig. 3b ). From this analysis we 174 focused our investigation on two notable proteins, TIME FOR COFFEE (TIC) and 175 TOM-LIKE6 (TOL), which were differentially phosphorylated in rck1-3 176
( Supplementary Fig. 3c,d) , and have been implicated in different aspects of plant 177 development. To evaluate the possible involvement of these proteins in the formation 178 of the CS barrier, we assessed the permeability of the apoplastic tracer PI into the 179 stele in the respective mutant backgrounds. We observed a large delay in the 180 formation of the PI block in tic-2 mutants, which was significantly more than in the 181 erk1-3 mutant allele (Fig 2a) . By contrast, we did not see any increased permeability 182 in tol6-1 or in combinations of other TOL mutants ( Fig. 2b and Supplementary Fig.  183 4a). To evaluate if the tic-2 apoplastic barrier defect is linked to circadian clock 184 defects, we analysed three circadian clock mutants (elf3-4, cca1-1 and elf4-7), 185
however none of these mutants showed any changes with respect to the wild-type 186
( Supplementary Fig. 4b ). We then inspected the deposition of lignin in the 187 endodermis of TIC and TOL mutants and found that both tic-2 and the quintuple tolQ 188
showed strong ectopic deposition of lignin in the lateral margins of endodermal cells 189 ( Fig. 2c ). Intriguingly, we found that only tic-2 showed precocious accumulation of 190 suberin in the endodermis (Fig. 2c ). Collectively, these results suggest that ERK1 191
and TIC act in in the same pathway and are responsible for the organisation of the 192 CS. Additionally we looked at PI penetration, lignin deposition and suberin 193 accumulation in mutants of erk1-3 in combination with tic-2 and general CS mutants 194 myb36-2, sgn3-3, esb1-1 and casp1-3/casp3-1. We assessed PI penetration and 195 lignin deposition but found no significant additive effects in double erk1-3/tic2 196 mutants compared with single erk1-3 mutants, nor in any of the other double-197 mutants compared with the single mutants, except for erk1-3/sgn3-3, which seemed 198
to contain slightly less lignin than sgn3-3 ( Supplementary Fig. 5 and 6). When 199 assessing suberin accumulation, again no major differences were observed, 200
however, triple and double mutants of erk1-3 with casp1-3/casp3-1 and myb36-2, 201
respectively, appeared to have slightly less suberin ( Supplementary Fig. 7 ). linked with the CIF/SGN3 signalling pathway we assessed lignin deposition, CASP1-208 GFP expression and suberin accumulation in response to exogenous application of 209 the CIF peptide. Our data shows that CIF2 induced suberisation, ectopic 210 polymerisation and mislocalisation of CASP1-GFP similar to wild-type, suggesting 211 that the role of ERF1/RBK1 in suberin accumulation is part of an additional 212 compensatory pathway independent to the SGN3/CIF pathway ( Supplementary Fig.  213 8 and 9). 214 215
The ectopic deposition of lignin in erk1-3/rbk1-1 and tic-2 mutants raises the 216 possibility that the CS machinery is mislocalised in these mutants. To evaluate this 217 hypothesis, we assessed the localisation of the CASP1-GFP reporter in the different 218 mutant backgrounds. We did not observe any major defects in the cellular 219 organisation of root optical cross-sections in any of the mutants tested ( Figure 2b ). 220
However, in transverse root cross-sections, we noticed that the polar localisation of 221 CASP1-GFP and the deposition of lignin was altered in the CS domain of erk1-3 222 /rbk1-1 mutants ( Fig. 2d,e ). Taken together, these data suggest that ERK1 and 223 RBK1 affect the polar localisation of CASP1 in the endodermis. 224
225
The endodermal defects in erk1erk1-3 and tic-2 lead to ionomic changes 226
Root suberisation and the CS have been shown to play a role in environmental 227 adaptation by acting as a physical barriers to prevent unfavourable inward and 228 outward leakage of ions between the xylem and the soil (Barberon et al., 2016) . In 229 previous studies, it was shown that several CS-defective mutants exhibit changes in 230 concentrations of multiple elements. Therefore, we compared the ionomic profiles of 231 erk1-3, rbk1-1 and tic-2 mutants with other mutants known to be defective in CS 232 function. A principal-component analysis of elemental concentrations in the leaves 233
showed that the ionomic profile of the erk1-3 and rbk1-1 mutants was similar to wild-234 type, whereas the erk1-3/rbk1-1 double mutant was more similar to esb1-1 but 235 distinct to either myb36-2 or sgn3-3 mutants ( Supplementary Fig. 10a ). Unlike sgn3-236
3, esb1-1 and myb36-2 have enhanced lignification and suberisation (Hosmani et al., 237 2013). A more detailed analysis of the ionomic data revealed that erk1-3/rbk1-1 238 mutants accumulated higher levels of iron in their roots compared with wild-type 239 plants (Fig 3a) . Because iron is more soluble in acidic soils than in neutral soils, we 240
reasoned that this response may reflect an adaptation to ensure the growth and 241
survival of plants under unfavourable mineral conditions. We therefore tested the 242 effect of iron on ERK1-GFP accumulation and found that ERK1-GFP expression in 243 the endodermis increased in response to excessive iron in a pH-dependant manner 244 (Fig 3d) . Because a previous genetic screen for iron homeostasis mutants identified 245
TIC as a regulator of FERRITIN1 (Duc et al.,2009) we tested the growth response of 246 these mutants under high iron growth conditions. We found that both erk1-3 and tic-2 247
displayed high sensitivity to elevated iron conditions (Fig. 3b ,c) as well as defects in 248 germination under other ion stress conditions ( Supplementary Fig. 10b-d ). High 249 sensitivity to iron was also observed in sgn3-3 but not in myb36-2 (Supplementary 250 Fig. 11 ). Collectively, these results suggest that these mutants are affected in their 251 responses to fluctuating iron levels most likely due to the inward and outward 252 leakage resulting from their defective endodermal barriers. 253 254
The root endodermal barrier influences the structure of the root microbial 255 community 256
It has previously been shown that altered exudation from the plant root causes 257 changes in the composition of the rhizosphere microbiome (Sasse et al., 2018). On 258 this basis, we reasoned that the unregulated leakage of components into and out of 259 erk1-3 and tic-2 mutants might also affect their respective root microbiomes. To test 260 this hypothesis, we grew wild-type and single mutant plants in natural soils, and after 261 four weeks we analysed the bacterial communities present in the root rhizosphere. 262
We found clear differences between the genotypes present in each subpopulation, 263
where the communities associated with erk1-3 and tic-2 mutants were most similar 264
but differed significantly from wild-type plants (Fig. 4a ). The results were further 265 validated by an analysis of similarities (ANOSIM), which revealed significant 266 variations in the microbial communities from roots of wild-type plants and erk1-3 267
(ANOSIM, r=0.921, p=0.001) or tic-2 plants (ANOSIM, r=0.922, p=0.001) ( Fig. 4b  268 and Supplementary Fig. 12a ), whereas no significant differences were observed 269 between the erk1-3 and tic-2 microbiomes (ANOSIM, r=-0.019, p=0.558).
270
We next carefully examined the different phyla of root-associated microbes 271
and identified several groups that differed in abundance between the erk1-3 and tic-272 2-associated populations ( Fig. 4c ). Notably, Cloroflexi and Proteobacteria 273
populations differed significantly amongst the three genotypes tested ( Fig. 4d-f ). To 274
independently validate these results, we inoculated seeds with a synthetic bacterial 275 community (SynCom) isolated from an Arabidopsis root rhizosphere (Bai et al., 276 2015) and determined the microbial communities present in mature roots and leaves.
277
We found differences between the microbiomes present in leaves (25.4% of variance 278 in leaves explained by genotype; permutation-based ANOVA test p=0.002) and roots 279
(10.2% of the variance explained by genotype; permutation-based ANOVA test, 280
p=0.27) of wild-type and the two mutants ( Supplementary Fig. 12a,b ). Most of the 281 differences in leaves were associated with the abundance of Xanthomonadaceae 282
(Proteobacteria) and Flavobacteriaceae (Bacteroidetes) ( Supplementary Fig. 12c ).
283
Taken together, our results indicate that the capacity of microbes to colonize roots is 284 strongly influenced by lignification and suberisation of the endodermal barriers.
286
Discussion 287
The polarised deposition of cell wall material is crucial for the function and In this study we describe mutations affecting the cytoplasmic receptor kinases ERK1 305
and RBK1, which lead to the mislocalisation of CASP1-GFP and ectopic lignin 306 deposition outside of the CS. Further, the lack of a proper apoplastic barrier in the 307 double mutants is accompanied by an increase in lignin and suberin, which has been 308 attributed to a compensatory mechanism to counteract the loss of an apoplastic that the CS and suberin lamellae are regulators of water and nutrient uptake in the 362 root endodermis, it is plausible that perturbations in these structures could also 363
shape the composition of the root microbiome by altering exudate secretion, as 364
observed in this study. Indeed, we showed that erk1-3 and tic-2 recruit similar 365 microbial populations to their rhizosphere that differ markedly to the wild-type. 366
Alternatively, modifications in the rhizosphere microbiome could be caused by 367
differences in actively secreted compounds associated with suberisation. Transgenic plants were generated by introduction of the plant expression constructs 408
into an Agrobacterium tumefaciens strain GV3101 and transformation was done by 409 floral dipping (Clough and Bent, 1998). 410 411
Vector construction 412
For generation of expression constructs, Gateway Cloning Technology (Invitrogen) 413 was used. pERK1::ERK1 was cloned using the genomic sequence of ERK1 414
including the endogenous promoter consisting of 1403 bp upstream of the ATG. 415 pERK1::ERK1 was cloned into pGWB440 and into pFAST-R01 and transformed in 416
transformed in Col-0 and erk1-3 background, respectively. pRBK1::RBK1 was 417 cloned using the genomic sequence of RBK1 including the endogenous promoter 418
consisting of 1996 bp upstream of the ATG. pRBK1::RBK1 was cloned into 419 pGWB440, pGWB553 and into pFAST-R07 and transformed in in Col-0 background. 420 421
Chromatin Immunoprecipitation 422
Chromatin Immunoprecipitation (ChIP) analysis was performed by following the 423 protocol as described (Nakamichi et al., 2010) with modifications. Roots (100 mg 424 fresh weight) from 11-d-old plants were cross-linked by using 4 mL of the buffer (10 425 mM PBS, pH 7.0, 50 mM NaCl, 0.1 M sucrose, and 1% formaldehyde) for 1 h at 426 room temperature with the application of three cycles of vacuum infiltration (10 min 427 under vacuum and 10 min of vacuum release). Glycine was added to a final 428 concentration of 0.1 M to stop the cross-linking reaction, and the samples were 429 incubated for a further 10 min. After being washed with tap water, the samples were 430 ground to a fine powder by using a Multibeads Shocker (Yasui Kikai) at 1,500 rpm 431
for 30 sec. Tris·HCl, pH 7.5, 400 mM NaCl, 1% Triton X-100, 1 mM EDTA, and EDTA-free 440
Complete protease inhibitor (Roche)], and then with Lysis buffer. After Elution buffer 441
(50 mM Tris·HCl, pH 8.0, 10 mM EDTA, and 1% SDS) and proteinase K (0.5 mg/mL) 442
were added to the beads, the beads were incubated overnight at 65 °C. The DNA 443 was purified with NucleoSpin Gel and PCR Clean-up (MachereyNagel) with Buffer 444 NTB (Macherey-Nagel). Eluted solutions were used for qPCR. EIF4A (At3g13920) 445
was used as a negative control ( Supplementary Table 2 ). Two independent 446 experiments were performed with three biological replicates for each. 447 448
Permeability of the apoplastic barrier 449
For the visualisation of the penetration of the apoplastic barrier by propidium iodide, 450 seedlings were incubated in the dark for 10 min in a fresh solution of 15 mM (10 451 mg/ml) Propidium Iodide (PI) and rinsed two times in water. The penetration of the 452 apoplastic barrier was quantified by the number of cells from the 'onset of elongation' 453 until the PI signal was blocked by the endodermis from entering the vasculature. The 454
'onset of elongation' was defined as the point where an endodermal cell in a median 455
optical section was clearly more than twice its width (Alassimone et al., 2010 Plant total protein purification 508
For the purification of total proteins from roots seedlings were grown hydroponically 509
in phytatrays (Sigma) on a nylon filter (250 μ m mesh; NITEX) which allows the roots 510
to grow through into the half-strength MS medium supplemented with 1% (w/v) 511 sucrose (pH 5.7 with KOH)(Bargmann and Birnbaum, 2010). After two weeks roots 512
were harvested and flash-frozen in liquid nitrogen. The root tissue was homogenised 513
with a mortar and pestle cooled with liquid nitrogen. Protein were extracted by 514 adding twice the volume of extraction buffer (50 mM HEPES, 150 mM NaCl, 1 mM 515 EDTA, 20 mM NaF, 1 mM Na2MoO4, 1% (w/v) NP-40, 1 mM PMSF, 2 μM Calyculin 516
A, 1 mM NaVO4, 1 mM DTT, Protease inhibitor cocktail (Roche) and 2% (w/v) 517 PVPP) to 3 g of root tissue. After 30 min the samples were spun for 15 min at 4,000 518 g (4°C) to remove debris. The supernatant was transferred to a new tube and 519 centrifuged for another 30 min at 16,000 g (4°C). The supernatant was again 520 transferred to a new tube and methanol/chloroform precipitation was carried out by 521 adding 4 volumes of methanol, 1 volume of chloroform, and 3 volumes of water, 522
respectively. Samples were centrifuges for 15 min at 4000 g and the aqueous top 523 phase was removed. The proteins were precipitated by adding another 4 volumes of 524 methanol and centrifugation for 15 min at 4000 g. The pellet was washed twice with 525 methanol and resuspended in 25 mM HEPES (pH 8). Reduction and alkylation of the 526 cysteine residues was carried out by adding a combination of 5 mM tris(2-527 carboxyethyl)phosphine (TCEP) and 10 mM iodoacetamide (IAA) for 30 min at room 528 temperature in the dark. The protein was digested with trypsin (Promega Trypsin 529
Gold, mass spectrometry grade) overnight at 37 °C at an enzyme-to-substrate ratio 530 of 1:100 (w:w). After the digested the peptides were suspended in 80% acetonitrile 531 (AcN), 5% trifluoroacetic acid (TFA) and the insoluble matter was spun down at 4000 532 g for 10 min. The supernatant was used the enrichment of phosphopeptides. 533 534
Phosphopeptide enrichment 535
The enrichment of phosphopeptides was carried out as described previously with 536 minor modifications (Thingholm et al., 2006) . The peptide concentration was 537 measured with a Qubit ™ fluorometer (Invitrogen) and 1 μg total peptides were used 538
for each sample. The Titansphere TiO 2 10 µm beads (GL Sciences Inc.) were 539 equilibrated in a buffer containing 20 mg/mL 2,5-dihydroxybenzoic acid (DHB), 80% 540 ACN and 5% TFA in a ratio of 10 μl DHBeq per 1 mg beads for 10 min with gentle 541
shaking at 600 rpm. TiO2 beads were used in a ratio of 1:2 peptide-bead ration 542
(w:w). The TiO2 solution was added to each sample and incubated for 60 min at 543 room temperature. The samples were spun down at 3000 g for 2 min and 544 resuspended in 100 µL Wash buffer I (10% AcN, 5% TFA). The resuspended beads 545
were added to self-made C8-columns. C8-colums were made of 200 µL pipette tips 546 with 2 mm Empore™Octyl C8 (Supelco) discs. The columns were spun down at 547 2600 g for 2 min, washed with 100 µL Wash buffer II (40% AcN, 5% TFA) and 100 548
µL Wash buffer III (40% AcN, 5% TFA). The peptides were eluted from the TiO 2 549 beads with 20 µL 5% ammonium hydroxide and subsequently with 20 µL 20% 550 ammonium hydroxide in 25% AcN. Both eluates were pooled, the volume was 551 reduced to 5 µL in a centrifugal evaporator (20 -30 min) and acidified with 100 µL of 552 buffer A (2% AcN, 1% TFA). Samples were desalted with a self-made C18 column 553 (Empore™Octadecyl C18). C18 were made in the same way as the C8-columns. 554
Before adding the samples, the C18-columns were activated with 50 µL methanol 555
and washed with 50 µL AcN and 50 µL buffer A* (2% AcN, 0.1% TFA). Samples 556
were loaded on the C18-column and spun at 2000 g for 7 min. The columns were 557
washed with 50 µL ethyl acetate and 50 µL buffer A* and then eluted consecutively 558 with 20 µL 40% AcN and 20 µL 60% AcN. Samples were then vacuum-dried and 559
prior to MS analysis resuspended in 50 µL buffer A*. 560 561
Mass spectrometry 562
Reversed phase chromatography was used to separate tryptic peptides prior to 563 mass spectrometric analysis. Two columns were utilised, an Acclaim PepMap µ-564 precolumn cartridge 300 µm i.d. x 5 mm 5 μ m 100 Å and an Acclaim PepMap RSLC 565
75 µm x 25 cm 2 µm 100 Å (Thermo Scientific). The columns were installed on an 566 Ultimate 3000 RSLCnano system (Dionex). Mobile phase buffer A was composed of 567 0.1% formic acid in water and mobile phase B 0.1 % formic acid in acetonitrile.
568
Samples were loaded onto the µ-precolumn equilibrated in 2% aqueous acetonitrile 569 containing 0.1% trifluoroacetic acid for 8 min at 10 µL min-1 after which peptides 570
were eluted onto the analytical column at 300 nL min-1 by increasing the mobile 571 phase B concentration from 3% B to 35% over 40 min and then to 90% B over 4 min, 572
followed by a 15 min re-equilibration at 3% B. 573
Eluting peptides were converted to gas-phase ions by means of electrospray 574 ionization and analysed on a Thermo Orbitrap Fusion (Q-OT-qIT, Thermo Scientific lignin deposition sites (bottom). Cleared roots were stained with basic fuchsin 989 (yellow; lignin) and Calcofluor White (blue; cellulose). Although both of these dyes 990 stain cell walls, basic fuchsin primarily interacts with lignin and Calcofluor White with 991
cellulose.
992
C Quantitative analysis of suberin accumulation. Suberin was stained with fluorol 993 yellow 088. The endodermal cell with suberin was counted from the onset of 994 elongation to the junction (base) between root and hypocotyl (n = 6).
995
D CLSM images of cross-section from roots expressing CASP1-GFP. Cell walls 996 stained with propidium iodide (grey). Bar = 20 μM 997
